Effect of higher orbital angular momenta in the baryon spectrum 
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Abstract 



We have performed a Faddeev calculation of the baryon spectrum for the 
chiral constituent quark model including higher orbital angular momentum 
states. We have found that the effect of these states is important, although 
a description of the baryon spectrum of the same quality as the one given 
by including only the lowest-order configurations can be obtained. We have 
studied the effect of the pseudoscalar quark-quark interaction on the relative 
position of the positive- and negative-parity excitations of the nucleon as well 
as the effect of varying the strength of the color-magnetic interaction. 
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In a recent paper [|l| we calculated the nonstrange baryon spectrum within a Faddeev 
approach for the chiral constituent quark model This model, besides a confining 

interaction and a perturbative one-gluon exchange, includes a pseudoscalar and a scalar 
boson exchange between quarks. In Ref. only the lowest-order configurations (£, A, s, t) {i 
is the orbital angular momentum of a pair, A is the orbital angular momentum between the 
pair and the third particle, while s and t are the spin and isospin of the pair) were included. 
Thus, for the Nl/2~^ state (corresponding to the N and to the iV(1440)) we included the two 
configurations (0,0,0,0) and (0,0,1,1). For the Nl/2~ state (the A^(1535)) we included the 
four configurations (0,1,0,0), (0,1,1,1), (1,0,1,0), and (1,0,0,1), while for the A3/2+ state (the 
A) we included the single configuration (0,0,1,1). We have now extended our calculation to 
include all the configurations (£, A,s,t) with £ and A up to 5. The objective of the present 
work is to evaluate the effects of the higher orbital angular momentum components in a 
model including gluon as well as Goldstone boson exchanges 

To study the convergence behavior with respect to the number of {i, A, s, t) configurations 
we give in Table I the results for the A, A^(1535), N, and A^(1440), corresponding to Fig. 
4 of Ref. |jl|. In this table we give the mass difference with respect to the nucleon ground 
state including 12 (£, A, s, t) configurations, i.e. with £ and A up to 5, considered to be the 
converged result for the nucleon ground state and therefore our mass reference. As can be 
seen, the convergence with respect to the number of configurations is different for different 
states, so that, for example, the A comes down by only 5 MeV while the A^(1535), N, 
and A^(1440) they all come down by approximately 100 MeV when one includes the higher 
orbital angular momentum configurations. It is also interesting to notice that while in the 
lowest-order calculation the iV(1440) lies below the iV(1535), when one includes the higher 
orbital angular momenta the situation is reversed. We will return to this point later on. 
The same study could be done in the case of Figs. 1-3 of Ref. However, the results 
would be similar to those reported on Table I, although the effect of the higher orbital 
angular momentum components is smaller in these cases. The reason for this stems from 
the fact that the one-pion exchange (OPE) force is weaker in these cases, and therefore the 
contribution of higher orbital angular momenta is less important. 

As a consequence of the previous results, it is clear that the calculation of Ref. was 
done in a restricted Hilbert space neglecting orbital angular momentum components that 
are important to obtain a conclusion about the performance of the model under discussion. 
It therefore arises the question if the model of Ref. |jl|] can produce a reasonable baryon 
spectrum when all the relevant Hilbert space components are included. We want to show that 
similar fits for the baryon spectrum can be obtained with the extended Faddeev calculation 
as those obtained with the lowest-order version used to calculate the results of Ref. As 
an example, we show in Fig. ^ the baryon spectrum obtained using the parameters of Table 
II when the higher orbital angular momentum configurations are included. In this figure we 
plot by the solid line the excitation energy with respect to the nucleon ground state. The 
shaded areas correspond to the experimental value including its uncertainty. As one can see 
from this figure, the relative position of the positive-parity states N , A, and A^(1440) are 
correctly given, although the negative-parity states lie below the experimental results as is 
well-known to happen for models of this kind. The parameters of Table II, which gave rise 
to this spectrum, are the ones that have been used in the chiral constituent quark model 
for the description of the baryon-baryon interaction |]^J^ . The parameter tq has been taken 
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as 0.25 fm, a typical value for spectroscopic models, such that the delta function of the 
OGE interaction is regularized in the region of short distances. The slope of the confining 
potential, Oc, which in Table II is 67.0 MeV fm~^, is not so different from the value 72.5 
MeV fm~^ used in most of the previous applications of the model to the baryon spectrum 
IQJ^. (One should not forget at this point that consistency with the two-nucleon sector does 
not impose any restriction to the value of Oc, because the confining interaction does not 
contribute to the nucleon-nucleon potential.) This does not mean, however, that the fit of 
the spectrum requires the parameters to be close to those of Table II. It is possible to find 
equally good fits with quite different sets of parameters. We show in Fig. ^ the spectrum 
obtained with the parameters of Table III, which differ considerably from those of Table II. 

As can be seen in Figs. |l] and |^, with two different sets of parameters for confinement 
and the one-gluon exchange, fits of a similar quality are obtained. In both cases one observes 
how the relative position of the positive and negative parity excitations of the nucleon are 
reversed with respect to the experimental order. This has been stated as a basic deficiency 
of models with a strong one-gluon exchange interaction. In order to check if the responsible 
for this incorrect ordering is the one-gluon exchange, we have calculated the energy of the 
iV(1440) and the A^(1535) starting with the set of parameters of Table II and varying the 
contribution of the color-magnetic interaction by modifying the coupling constant of the 
OGE interaction. The results are shown in Fig. |^. As we are interested in the relative energy 
of the positive and negative parity excitations of the nucleon, we have plotted directly the 
absolute value obtained from our code. In this case the relative position of the A^(1440) and 
the A^(1535) is not very much affected by the modification of as. This behavior indicates 
that the correct level ordering between the negative and positive parity excited states of the 
nucleon is not connected with the lack of OGE. Moreover, a suppression of the OGE, would 
imply a stronger pseudoscalar interaction in order to reproduce the N — A mass difference, 
and therefore one would obtain a model that it is incompatible with the understanding of 
the basic features of the two-nucleon system . 

As has been explained in Ref. a possible mechanism responsible for the inversion of 
these states can be obtained through the pseudoscalar interaction. To illustrate this point 
we have again calculated the energy of the A^(1440) and the A^(1535) starting with the set 
of parameters of Table II, but increasing in this case the contribution of the pseudoscalar 
interaction by letting the cutoff parameter A^r of the OPE to increase. The results are shown 
in Fig. ^, where we have again plotted directly the absolute value obtained from our code. 
As can be seen, the inversion of the ordering between the positive and negative parity states 
can be achieved if A^ becomes sufficiently large (around 7 fm~^ for the set of parameters 
of Table II). One should also mention that a model with such a strong cutoff for the OPE 
is not realistic. In this case the — A mass difference is around 955 MeV. We have fitted 
again the A^ — A mass difference by modifying the confinement constant and suppressing 
the OGE. In this case we lose again the inversion between the negative and positive parity 
states. Let at this point make a comment about the smaller influence of the higher orbital 
angular momentum components in the case of Figs. 1-3 of Ref. [Q] that we have mentioned 
previously. The larger the cut-off of the pseudoscalar interaction, the larger the nucleon- 
delta mass difference. This effect is obtained because the energy of the nucleon ground state 
is decreased, enhancing in this way the influence of the higher orbital angular momentum 
components. 
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As a summary, we want to point out that higher orbital angular momentum components 
play an important role on the description of the low-energy baryon spectrum. They mainly 
influence the relative energy of the nucleonic and A sectors (as illustrated in Table I), but 
they also affect the relative position of the positive and negative parity excitations of the 
nucleon. After reanalyzing the results reported on Ref. [Q], where these components were 
not considered, we did not flnd any qualitative modiflcation of the conclusions obtained 
there. Therefore, the validity of a model where the OGE is combined with Goldstone-boson 
exchanges is without any doubt, and it presents advantages with respect to models based 
only on Goldstone-boson exchanges, as has been recently emphasized in several works [^[7| . 
In particular, the chiral constituent quark model of Refs. is able to generate a quite 

reasonable description of the baryon spectrum, with a set of parameters that allows to under- 
stand the NN phenomenology. For the case of the baryon spectrum, the set of parameters 
we found is not unique, as also stated in Ref. [0] , and we did not flnd any restriction to the 
value of as- The correct level ordering is closely related to the pseudoscalar interaction and, 
in the present model, can only be achieved at the expense of losing the correct description of 
the NN system. As a consequence, other mechanisms should be responsible for the correct 
level ordering if consistency with the two-nucleon system is required. 
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FIGURES 

FIG. 1. Relative energy nucleon and delta spectrum up to 1.0 GeV excitation energy for the 
set of parameters of Table II. The solid corresponds to the results of the model of Ref. ||^] including 
a and A up to 5. The shaded region, whose size stands for the experimental uncertainty, represents 
the experimental data. 

FIG. 2. Same as Fig. 1 for the set of parameters of Table III. 

FIG. 3. A^(1440) and A^(1535) mass as a function of the strong coupling constant, Ug- See text 
for details. 

FIG. 4. A^(1440) and A^(1535) mass as a function of the cutoff mass for the one-pion exchange, 
Att. See text for details. 
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TABLES 



TABLE I. Convergence of baryon masses with respect to the number (Nr.) of configurations 
{£, A, s, t). See text for details. 

Nr. MA(MeV) Nr. Mjv(i535) (MeV) Nr. Mjv(MeV) Nr. M;v(i44o) (MeV) 



1 


423 


4 


643 


2 


115 


2 


641 


2 


419 


8 


601 


4 


68 


4 


622 


3 


418 


12 


570 


6 


21 


6 


587 






16 


551 


8 


12 


8 


578 






20 


540 


10 


2 


10 


562 










12 





12 


558 



TABLE II. Quark model parameters for the calculation of Fig. 1. 



mg(MeV) 


313 




0.485 


;c(MeV ■ fm-^) 


67.0 


Oich 


0.0269 


ro(fm) 


0.25 


mo-(fm~^) 


3.42 


m7r(fni~^) 


0.7 


A^(fm-i) 


4.2 


A^(fm-i) 


4.2 



TABLE III. Quark model parameters for the calculation of Fig. 2. 



m5(MeV) 


313 


as 


0.75 


;c(MeV ■ fm-^) 


60.12 


ach 


0.0269 


ro(fm) 


0.8 




3.42 


m7r(fm~^) 


0.7 


A.(fm-i) 


4.2 


A^(fm-i) 


4.2 
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